AbstractÐReadily hydrolysable basic and dibasic esters of ampicillin were synthesised by alkylation of the carboxylate function of ampicillin to obtain prodrugs that may accumulate in cells and allow for an intracellular delivery of ampicillin (Fan et al., Bioorg. Med. Chem. Lett. 1997, 7, 3107). We found that the b-lactam ring cleavage and the hydrolysis of the ester function were competitive reactions. The prerequisite for biological activity of compounds of this type is therefore that ester hydrolysis proceeds faster than ring opening. Some synthesised compounds show promise as prodrugs since they displayed a reasonable stability and regenerate large quantities of bioactive ampicillin in broth. #
Introduction
We described in a previous short communication 1 the discovery of the cellular accumulation and intracellular antibacterial activity of basic ester prodrugs of ampicillin. These were original observations for b-lactams since, contrary to macrolides,¯uoroquinolones and ansamycins, these antibiotics do not accumulate into cells and are therefore largely inecient against most forms of intracellular infection. 2, 3 We observed that important points to get intracellular accumulation of b-lactams were (i) the esteri®cation of the carboxylate function and (ii) the presence of a protonable amino group in the antibiotic. We describe here the synthetic procedures giving access to monobasic prodrug esters of ampicillin which feature a marked cellular accumulation (the amino function is situated in the sidechain of the drug). Moreover, we illustrate in the particular case of ampicillin a general procedure allowing one to modify, in a bioreversible way, the carboxylate function of a drug into a basic ester (an amino function being present in the alcoholic part of this ester). Finally, we stress that the four-membered ring of b-lactam antibiotics is weakened by esteri®cation. Very labile esters could be promising prodrugs whereas slowly hydrolysing esters give ring-opened derivatives in phosphate buer at pH 7.4.
Results and Discussion
The context of the research: Design of esters of -lactam antibiotics Benzylpenicillin methyl ester has been the most studied compound. Early works (reviewed by Hamilton-Miller 4 ) showed that it was inactive in vitro as well as in vivo, at least in man. The interest in penicillin esters thus faded until double esters (like pivampicillin 1; Scheme 1) proved to be active in man. While benzylpenicillin methyl ester was not a substrate for esterases in larger mammals, its acetoxymethyl double ester was enzymatically hydrolysed and the generated benzylpenicillin hydroxymethyl ester spontaneously decomposed to benzylpenicillin and formaldehyde 5 (Scheme 2).
It was discovered later on that human serum degraded benzylpenicillin methyl ester by opening of the b-lactam ring. Indeed, the ester was inactive not because its carboxylate function could not be regenerated, but because its b-lactam ring was cleaved ®rst. 6 Ring opening and ester cleavage are competitive reactions. The quickest process wins the race. Physico-chemical studies in buers at physiological pH 7À9 established the kinetic network presented in Scheme 3. The pH of 7.4 is situated in the base-catalysed domain of both ester hydrolysis and b-lactam ring opening. 10 The productive pathway (k p ) liberates the active antibiotic while the non-productive pathway (k np ) yields inactive decomposition products. The generated b-lactam antibiotic itself eventually decomposes to ring-opened compounds (k d ). Page's team 11 found that, for benzylpenicillin methyl ester, the sum k p +k np was sixteen times larger than k d . The rate constant k p being small in this case, this means that k np equalled 16 k d . In other words, the b-lactam ring of the ester was sixteen times more labile than that of the parent drug. This proved to be true even when k p was larger than k np , i.e. in the case of ecient ester prodrugs. For example, pivampicillin and bacampicillin featured k np s respectively twelve and 14 times larger than k d . 7, 8 Why is the b-lactam ring of penicillins weakened by esteri®cation of the carboxylate function? The ester group is more electron-withdrawing than the carboxylate group, which increases both the electrophilicity of the b-lactam carbonyl carbon and the leaving-group ability of the b-lactam amino group. 7, 12 This electronwithdrawing eect is re¯ected in the shift of the amine pK a from 5.2 for benzylpenicilloic acid to 3.2 for its methyl ester.
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Useful esters of b-lactam antibiotics have thus to feature the following kinetic characteristics:
The k p /k np competition has to be pushed in the good direction by synthesising so called`activated esters', i.e. labile esters. In the basic pH range, they have to be at least 20±30 times more labile than the b-lactam ring of the parent compound. However, a decent half-life of the ester prodrugs in the serum has to be maintained. These opposite requirements assign intrinsic limits to our approach.
Activated esters are usually obtained by enhancing the leaving group capability of the alcohol moiety by the mesomeric eect (e.g. p-nitrophenol) or the inductive eect (e.g. tri¯uoroethanol). Aromatic esters of b-lactam antibiotics being dicult to synthesise, we considered ampicillin esters of the type AMPI-COOCH 2 X. There are severe limitations on X. It cannot be a carbonyloxy group (e.g. as in pivampicillin 1), owing to the required resistance to human serum esterases. Compound 5 should be an exception (as stated before, the methyl ester of benzylpenicillin is not a good substrate for human esterases). The X function cannot be either an alkoxy R H O-or a carbonylamino R H CON(R HH )-group because a-carboxymethyl ethers and a-carboxymethylamides spontaneously cleave by an S N 1 mechanism that does not require base catalysis, just like a-chloromethyl ethers. This uncatalysed process renders impossible the controlled release of ampicillin from a stable prodrug solution. 13, 14 To avoid a chloromethyl ether type of ®ssion, the lone pair of X has to be strongly involved in mesomery. That is why we considered imide functions (X=N(COR) 2 ), i.e. compounds 2±4. This type of ester was known to be much more rapidly hydrolysed than an ethyl ester at pH 7.4.
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Compounds 1±3 and 5 are basic owing to the amino function present in the phenylglycine sidechain of ampicillin. Compounds 4a,b bear an additional amino function in the alcoholic part of the ester. Attachment of this alcoholic part to b-lactam antibiotics other than ampicillin would thus render them basic as well. Compounds 4a,b were therefore synthesised to enlarge the scope of the work. Moreover, if a monobasic molecule can theoretically be concentrated a hundred times in acidic organelles, dibasic ones could reach a theoretical maximum enrichment of ten thousand, based on the pH eect only. 16 The structural characteristics we wanted for the basic alcoholic part of these esters were (i) the absence of chiral centre (to avoid epimerisation problems when working with chiral synthons or the obtention of a mixture of diastereoisomeric prodrugs when using racemic synthons), (ii) the lack of protection of the amino function (protections are dicult to remove in the presence of the b-lactam ring) and (iii) a good lipophilicity (to enhance the rate of cellular penetration). These requirements were met with 4a,b.
Synthesis. The synthesis of 3 and 4a,b are sketched in Scheme 4. A key reagent was the phosphorus ylid obtained by Michael addition of triphenyl (or tributyl) phospine on maleimide. 17 The double bond of 7a and 7b, obtained by the Wittig reaction, has the E con®gura-tion. Stabilised ylids usually indeed give the thermodynamically more stable ole®n. 18, 19 The Z con®guration of these succinimide derivatives would have a higher energy content due to the steric clash between the imide carbonyl and the phenyl ring, impairing mesomery. By the way, the methylene of the imide ring of the E isomer sits in the deshielding area of the phenyl substituent, so that its chemical shift goes up by 0.3±0.4 ppm relative to the corresponding methylene of 10, the synthon used to obtain 3. Moreover, the ole®nic hydrogen of 7a or 7b sits in the deshielding area of the carbonyl anisotropy double cone: the chemical shift of this hydrogen (7.53 ppm for 7a and 7.64 for 7b) ®ts well with the value calculated by additive rules (7.2 ppm for the E isomer versus 6.7 for the Z one 20 ).
The N-hydroxymethyl function of 8a,b, obtained by condensation with formaldehyde, is incompatible with a free amino group, because it would promote the ionisation of the OH group and the expulsion of the imide anion. 21 That is why the hydrobromide was engaged in the condensation with formaldehyde, instead of the free amine.
The bulky diisopropylamino function was used to prevent auto-alkylation of 9a. We observed indeed that N-bromomethylphthalimide quantitatively alkylated triethylamine (DMF, room temperature, 24 h), while diisopropylethylamine did not react. We recognised afterwards, when synthesising 9b, that the presence of two isopropyl groups on the amine function was not an absolute requirement, as long as the amine remained protected by protonation till the coupling with ampicillin. During the coupling itself, a competition was established between autoalkylation and alkylation of the carboxylate function of ampicillin but this latter reaction proved to be the fastest.
The reaction of N-bromomethylimides with ampicillin (on way to 2±4) or of diiodomethane with ampicillin (on way to 5) required the protection of the amino function of the phenylglycine sidechain. This was done by in situ condensation with benzaldehyde (Scheme 5). We veri®ed that alkylation in these conditions took place on the carboxylate function of ampicillin (and not on its amino function) by N-acylating compound 2 with acetic anhydride in 90% yield. The acylated derivative featured two amide NH protons in 1 H NMR (the 6-CHNH and the 10-CHNH; see Scheme 1 for atom numbering).
A concern was also the possible epimerisation of the phenylglycine sidechain (at 10-C) due to the transient formation of its imine derivative by condensation with benzaldehyde, but both the 1 H and 13 C spectra corresponded to a single diastereoisomer. Ampicillin epimers at 10-C are distinguishable even when using a 60 MHz instrument. 22 In fact, aldehydes and ketones are known to react with ampicillin not to give an imine but an imidazilidinone ring, 23, 24 so that the a-hydrogen of the phenylglycine sidechain is not acidi®ed, as should be the case if an imine was formed.
Hydrolysis of the esters. Imidomethyl esters of ampicillin are biologically active in cellular culture, as reported in our previous short communication. 1 This means that, at least in this medium, k p was larger than k np , or of similar magnitude. The half-lives of compounds 1±5 (=0.693/(k p +k np )), in phosphate buer, pH 7.4, 37 C, were determined by HPLC ( Table 1) . The hydrolysis was base-catalysed above pH 5.5 and followed ®rst-order kinetics. The rate increased with the electron-withdrawing power of the alcoholic part of the ester (compare 2 with 3), in agreement with the base-catalysed mechanism. The HPLC trace of the mixture obtained after pivampicillin 1 and prodrugs 2 and 3 stayed in the buffer during 1 half-life is shown in Figure 1 (a). The correlation between the decrease in concentration of the prodrugs and the increase in concentration of released ampicillin is also shown (Fig. 1(b) ). Ampicillin itself was only marginally degraded in these conditions (t 1/2 of ampicillin was 2144 min). The k p :k np competition was in favour of ampicillin for quickly hydrolysing compounds 1, 2, 5 (ratios of ampicillin versus ring opened products of 66:34, 68:32 and 82:18, respectively). Less readily hydrolysing compounds, 3 and 4a, generated a lower amount of ampicillin (ratios of 29:71 and 41:59, respectively: k np >k p ). The addition of the released formaldehyde to ampicillin, giving an imidazolidinone ring, 25 was not an important side reaction in our conditions.
That b-lactam ring opening was a major degradation pathway was shown by LC±MS±MS (Tables 3±5).
Scheme 5. Synthesis of ampicillin esters 2±4. The hydrolysis of active esters and the ring opening of b-lactams are subject to general acid±base and nucleophilic catalysis. 10 Enzymes may also accelerate both reactions. To obtain a ®rst information on the usefulness of our compounds in terms of eective release of the parent antibiotic, we measured their antibacterial potency in tryptic soy broth, in comparison with ampicillin. Table 2 gives their minimum inhibitory concentrations (MICs) against S. aureus in this culture medium. The determination entails a 24 h incubation at 37 C, which should allow both productive (k p ) and non-productive disappearance of the prodrugs (k np ). The MICs of 2 and 5 were of the same order of magnitude as that of ampicillin, indicating that a large part of these prodrugs followed a productive degradation pathway. Conversely, slower hydrolysing esters 3 and 4a displayed a lower activity than ampicillin, suggesting that, for these compounds, k np indeed overwhelmed k p . Results along the same line were obtained after ageing of the solutions. The MICs had a tendency to increase, probably due to the spontaneous degradation of the released ampicillin.
Perpectives
The method we used to synthesise basic and dibasic esters of ampicillin is general and could be applied to other penicillins and cephalosporins. The ester function of the most promising b-lactam prodrugs is more labile than their four-membered ring. Further work is in progress to fully characterise the cellular accumulation of these esters and to check their fate in human blood as well as their activity in vivo. Scheme 6. b-Lactam ring opening products identi®ed by LC±MS±MS after prodrugs 1, 2 or 3 (0.2 mg/mL) were kept 15 days at room temperature in an ethanol:water mixture (1:4). R has the same meaning as in Scheme 1. HPLC analysis. Chromatographies were performed on a Gilson apparatus, injection loop of 100 mL, using a precolumn ®lled with reversed phase C 18 powder and a reversed phase C 18 column (Adsorbosphere Alltech, 15 cmÂ4.6 mm) at a¯ow rate of 1 mL/min. Eluent A (acetonitrile:methanol:aqueous buer, 10:10:80) was passed during 2 min, then a linear gradient of eluent B (same components, 50:20:30) in eluent A from 0 to 100%, over 5 min. The washing with 100% eluent B was maintained for 20 min. The aqueous buer was an ammonium formate buer, 0.02 M (adjusted at pH 5 with formic acid). The UV detection was performed at 220 nm. The " 220 s were determined: ampicillin, 6675; pivampicillin 1, 6625; compound 2, 43305; 3, 12526; 4a, 16802 l mol À1 cm À1 . The hydrolysis of the samples (100 mL) was stopped by addition of 7 mL of HCl, 0.5 M (end pH=5). The samples were placed in dry ice (for 3 h maximum) till the injection was performed.
LC±MS±MS analysis. These were run on a Thermo Separation Product AS-3000 chromatograph (column: Adsorphosphere Alltech, 25 cmÂ2.1 mm), coupled with a TSQ-7000 mass spectrometer working in the APCI mode (atmospheric pressure chemical ionisation). A linear gradient of eluent B in eluent A was used, from 0 to 100% over 10 min (¯ow rate 0.2 mL/min). The eluent and buer were the same as above. We realised ®rst an LC±MS experiment to set the parameters for the LC± MS±MS analysis, performed the same day.
Ampicillin phthalimidomethyl ester, hydrochloride (2) . A mixture of ampicillin trihydrate (2 g, 5 mmol), potassium bicarbonate (0.5 g, 5 mmol), benzaldehyde (1 mL, 10 mmol) and DMF (50 mL) was stirred at 0 C for 12 h to give an imidazolidinone (see Scheme 5) , not isolated. Anhydrous magnesium sulfate (1.2 g, 10 mmol, heated at 800 C for 24 h) was added to trap water, and, after a few min, a further equivalent of potassium bicarbonate (0.5 g, 5 mmol) and N-(bromomethyl)phthalimide (1.2 g, 5 mmol). After stirring 24 h at 0 C, the mixture was poured into cold water (80 mL) and extracted with ethyl acetate (3Â60 mL). The organic extract was washed with brine (3Â50 mL), dried over magnesium sulfate and ®l-tered. The ®ltrate, after evaporation under vacuum, was stirred at À15 C for 20 min in a 1:1 mixture of acetonitrile and water (40 mL) adjusted at pH 2.5 with 0.5 M HCl. Water was added (40 mL) and the pH was adjusted to 5.0 by adding potassium bicarbonate. This solution was freed of acetonitrile by evaporation under vacuum, washed with ethyl acetate (4Â50 mL) and saturated with sodium chloride. Cyclohexylidenesuccinimide (10) . Maleimide (1.0 g, 10 mmol) and tri-n-butylphosphine (2.1 mL, 10 mmol) in glacial acetic acid (15 mL) were heated at 80 C for 15 min and then left to stand for 1 h. The solvent was evaporated at 50 C (10 mm Hg) and the residue coevaporated with toluene (2Â20 mL), leaving the ylid as a pink oily residue. Cyclohexanone (5 mL, 50 mmol) and K 2 CO 3 (1.38 g, 10 mmol) were added. The mixture was heated at 100 C for 4 h and the excess of cyclohexanone was removed under vacuum (1 mm Hg) to give a red residue. This residue was partitioned between water and CH 2 Cl 2 . The organic extract was dried (MgSO 4 ) and evaporated. The residue was crystallised in C 2 H 5 OH (yield 0.34 g, 20% Cyclohexylidene-N-bromomethylsuccinimide (12) . A suspension of the former compound (0.4 g, 2 mmol), phosphorus tribromide (0.52 g, 2 mmol) and toluene (2 mL) was re¯uxed for 4 h. The solution was left to settle and the supernatant was poured out. The insoluble residue was triturated with hot toluene (1±5 mL). The solid obtained after evaporation under vacuum of the combined toluene solutions was triturated with dry ether (3 mL). The solution was ®ltered and the ®ltrate evaporated in vacuo to leave a yellowish solid (yield 0.35 g, 70% 4-(2-Diisopropylaminoethoxy)benzaldehyde (6a). 2-Diisopropylamino-ethyl chloride hydrochloride (3.2 g, 16 mmol) was partitioned between 5% Na 2 CO 3 ans CH 2 Cl 2 . The organic phase was dried on MgSO 4 , ®ltered and evaporated, leaving the free amine (2.2 g, 84%). 4-Hydroxybenzaldehyde (1.65 g, 13.5 mmol) was dissolved in absolute methanol (120 mL, dried on Mg). Caesium carbonate (2.28 g, 7 mmol) was added. After stirring for 20 min at room temperature, the solvent was evaporated under vacuum (40 C, 3 h). The residue was dissolved in DMF (dried on CaH 2 ), and the mixture was evaporated again to remove all traces of methanol. A second volume of DMF was added (80 mL), followed by diisopropylaminoethyl chloride (2.2 g, 13.5 mmol). The mixture was heated at 65 C for 24 h, then ®ltered. The ®l-trate was concentrated and distilled to give a colourless liquid (yield 2.4 g, 71%) . [4 -(2 -Diisopropylaminoethoxy)benzylidene] -N -hydroxymethylsuccinimide, hydrobromide (8a). The above described compound (2 g, 6 mmol) was dissolved by shaking 2 h at room temperature with one equivalent of HBr in water (70 mL). After ®ltration, water was evaporated under vacuum. The obtained white solid was washed with a large quantity of acetone (dried over K 2 CO 3 ). It was dissolved in water (7 mL) at 80
C. An equivalent of aqueous formaldehyde (0.486 g, 37%, 6 mmol) was added and the mixture was heated at 100 C for 20 min. Evaporation under vacuum gave a white solid that was crystallised in ethanol. The crystals were ®ltered, washed with acetone and dried over P 2 Diampicillylmethane, dihydrochloride (5) . Potassium bicarbonate (0.496 g, 4.96 mmol) and benzaldehyde (1 mL, 9.92 mmol) were added to a suspension of ampicillin trihydrate (2 g, 4.96 mmol) in DMF (20 mL). The mixture was stirred at 0±4 C for 12 h. Anhydrous magnesium sulfate (2.4 g, 19.9 mmol) was added and the mixture was further stirred for 2±3 h. The reaction mixture was left at 4 C for 9 days, after the addition of CH 2 I 2 (4 mL, 49.6 mmol) and of a further amount of potassium bicarbonate (0.496 g, 4.96 mmol). Evaporation of the mixture after ®ltration gave a yellow solid that was washed with ether, dried over P 2 O 5 , dissolved in ethyl acetate and submitted to¯ash-chromatography (100 g of silica, eluent: ethyl acetate, R f =0.85). The obtained bispyrazolidinone was deprotected at pH 2.5 as described for 2. The precipitation with sodium chloride gave a gum. After the brine was poured out, the gum was washed with ether and dried in vacuo over P 2 O 5 . The resulting powder was puri®ed by dissolution in isopropanol as described for 4a. 
